In this paper, modal responses of the Brezina concrete arch dam, Algeria, are determined using the finite elements commercial packages ANSYS. To study the effects of the foundation soil, three 3D models have been created, the dam alone without soil, the dam-massless soil and the dam-soil with soil mass model. Moreover, a parametric study of the viscous damping, in Raleigh form, has been conducted. It is found that the natural frequencies of either undamped or damped modes obtained from the dam-soil with soil mass model are drastically lower compared to that of the dam alone model, and are markedly lower than those obtained from the dam-massless soil model. Likewise, similar comparisons have been observed for the damping quantities, in absolute values, between the three models. An in-depth review of the literature reveals that the study carried out herein constitutes several elements of originality as only very few similar work have been undertaken.
Introduction
The seismic response of an engineering structure is affected by the medium on which it is founded (Dimitri et al., 2008) . It is now generally known that the foundation soil significantly affects the dynamic response of gravity dam during earthquakes (Bayraktar et al., 2005) . Structural response is then governed by the interplay between the characteristics of the soil, the structure and the input motion. Soil-Structure Interaction (SSI), as this phenomenon has become known, has been of research interest for the past 30 years (Dimitri et al., 2008) .
In the literature, there are four different modeling of the foundation soil: the standard rigid-base model, the massless-foundation model, the deconvolved-base-rock model, and the free-field dam-foundation interface model (Leger & Boughoufalah, 1989) . In the massless foundation model, absence of mass makes the foundation rock as a spring, i.e., only the flexibility of the foundation rock is taken into account. Theoretically, to take advantage of the dam's geometrical characteristics and loading conditions, most structural analyses performed on the dam-foundation soil system are based on the 2D plane strain assumption. The primary energy loss mechanism currently assumed in the analysis of concrete dams is viscous damping (Tepes et al., 2010) . Equivalent viscous damping constants have been determined experimentally. Shaking tests using low-level excitations have been performed on concrete dams throughout the world, and damping ratio of 2 to 5 percent of the critical damping have been reported (Dreher, 1980) . However, damping ratio as high as 10 percent of the critical damping has been measured during higher levels excitations. Therefore, a damping ratio of 2 to 10 percent appears reasonable for most concrete dams (Dreher, 1980) . It is well known that real modes, which are obtained assuming free natural vibrations without damping, can be used as a modal base in a modal superposition analysis, e.g. a spectrum analysis, where damping is small. However, for structures exhibiting significant viscous damping, for example a damping ratio of 5 percent, real modes might not be appropriate. In this case complex modes should be employed rather (Ansys theory manual, 2007) . The dam-foundation soil structure is investigated using three 3D finite element models. The first model or dam alone, neglecting the soil, represents the dam only, which is clamped at its base on the soil, see Figure 2a . The second model or dam-massless soil, represents the dam and the adjacent soil but the soil's mass is neglected. The soil is also clamped at its base, see Figure 2b . Lastly, the third model or dam-soil with soil mass, is similar to the second one, except that the mass of the soil is taken into account (Figure 2b ). These finite elements models are created using the finite element commercial package, ANSYS, with a mapped meshing (Ansys theory manual, 2007) . The finesse of the mesh has been determined by performing a convergence analysis (mesh sensitivity). ANSYS is one of the leading commercial finite element programs in the world and can be applied to a large number of applications in engineering, it performs linear and nonlinear analyses; nevertheless it is not specialized for SSI analysis. Another objective of the present work is to orient this finite element code to the treatment of soil structure interaction problems. The length and width of the soil, along the global X and Y axis, respectively, are taken to be 150m, while its depth, along the Z direction, is taken to be 100 m. These sizes are chosen so that the applied boundary condition will not affect the modal responses of the dam.
The material properties for both the concrete arch dam and foundation soil are reported in Table 1 . These characteristics are provided by a governmental organism in charge of the dam study and from the geotechnical rapport of Brezina dam site. 
Undamped Modal Analysis Results
This section covers undamped modal responses of the Brezina arch dam-foundation soil system. The modal responses are calculated using the Block Lanczos method (Ansys theory manual, 2007) . Reported quantities are the first natural mode frequencies and the corresponding participation factor, Pfi along X direction, its ratio to the maximum participation factor, Ratio and effective mass, Mei. Table 2, Table 3 and Table 4 list these quantities for the dam alone, dam with massless soil, and dam-soil with soil mass, respectively (results are along X direction). The number of modes reported is such that the ratio of the cumulative effective mass to the total mass reaches a minimum of 0.9 along each of the three, X, Y and Z directions. Quantities along Y and Z direction are omitted herein.
The fundamental mode is defined as the one that involves the maximum mass, i.e., the most dominant mode having a ratio, Ratio of one for the direction considered (here along X direction).
As expected, the highest frequencies are obtained from the dam alone model (Table 2 ) while the lowest ones are due to the dam-soil with soil mass (Table 4) . Qualitatively, these results can be explained with the single degree of freedom mass-spring system for which the circular frequency is:
where k is the stiffness of the spring and m the mass (Shabana, 1995) . With respect to the dam alone model, the dam-massless soil has the same total mass, but is globally less rigid since the soil's Young's modulus is almost half the value of that of the concrete dam (see Table 1 ), thus from Equation (1), lower frequencies are obtained from the latter model. Also, between the dam-massless soil and dam-soil with soil mass, the global stiffness is identical but the total mass is evidently larger for the dam-soil with soil mass, hence, again from Equation (1) Table 2 and 3) , while it switches to the fourth position when the mass of the soil is taken into account (Table 4) . In terms of numerical values, the dam alone shows much higher frequencies than that of the dam-massless soil (12.42 Hz compared to 9.334 Hz for the first mode). This latter's frequencies, in turn, are also much higher than that of the dam-soil with soil mass (6.48 Hz for the first mode). These results are depicted for the first 5 modes in Figure 3 . Table 5 summarizes the frequencies decrease between the three models for the first 5 modes. The calculations performed highlight the need to model the foundation soil as a deformable structure, and to take into account its mass. 
Damped Modal Analysis Results
In this section, damped modal responses of the Brezina arch dam-foundation soil system are investigated. Recall that the free damped vibration equations (Reddy, 2002 ) are
where M, C and K is the mass, damping and stiffness matrix, respectively;
is the displacement, velocity and acceleration vector, respectively. Herein, viscous damping is assumed to be of the Raleigh form (Priscu et al., 1985) :
where  , are constants referred to as mass and stiffness damping, respectively. From Eq. (3), the following relation can easily be established:
where i  is the viscous damping ratio to critical damping for mode i, and i  the corresponding circular frequency. 
where j is the unit complex number, 1 2   j and 0
x the modal vector.
For the parametric study conducted herein, the viscous damping ratio  will be 2%, 5% and 10%, while i  will be the circular frequency of the fundamental mode (that involves the largest effective mass). The damped modal responses are calculated using the QR damped method [6] . Reported quantities are the first eigenvalues in terms of imaginary part, , i  and real part, , i  the corresponding participation factor along X direction, P fi , the ratio to the maximum participation factor, Ratio, the effective mass, Mei, and the modal damping ratio, i  . Recall that the imaginary part i  of the eigenvalue i  is the frequency whereas the real part i  of i  is the damping related quantity for mode i. The modal damping ratio, , where k is the stiffness of the spring, m the mass and c the damper (Reddy, 2002) . It is assumed that the system is far from over damped so that in the above equation, 0 4 2   c km . Eq. (8) shows that the frequency is always lower than that of the mass-spring system, and that the two frequencies are almost identical if the damping c is small enough, i.e., if the system is only moderately damped. This is obviously the case for the 3D dam-soil models under study. The second remark worth noting is the negative values of Recall that and  are the real and imaginary part, respectively, of the roots of the characteristic equation (Reddy, 2002) . Lastly, Table 6 shows that adding damping to the dam-soil system switches the fundamental mode. For example, mode number five is now the fundamental mode for the dam alone (see Table 6 ) while without damping, the fundamental mode is number one (see Table 2 ).  . Like the comments made in the preceding section, qualitatively, the frequencies decrease between the three models can be explained from Equation (8). Also, from Equation (9) and , k c   the damping decrease, in absolute value, from the dam alone to the dam-soil with soil mass model is obvious. Finally, this decrease in percentage is summarized in Table 9 and Table 10 . Similar results for the input damping ratio  of 5% and 10% are reported in Tables 11-13 and Tables 16-18 , respectively. From these results, same comments as for  = 2% can be made although the differences in frequencies are slightly more pronounced with respect to that of the undamped modes: the larger the damping ratio, the bigger the differences. This is clearly supported by Equation (8). Tables 14-15 and Tables 19-20 Influences of the viscous damping ratio  on the frequencies and the damping related quantity are summarized in Figures 10-11 and Tables 21-22 Quantitatively, results reported in this section point out, again, the importance of taking into account the soil with its mass. For any of the damping ratio under study, the dam alone shows significantly higher frequencies than that of the dam-massless soil. This latter's frequencies are also much higher than that of the dam-soil with soil mass. The damping values calculated are also much lower in absolute value from the dam-soil with soil mass than that from the other two models. The results reported also show that adding only a small damping ratio, e.g. , 02 . 0   to the dam-soil model reduces the number of modes needed to obtain 90% of the system's total mass. For example, for the undamped dam alone model, 17 modes are needed to reach 91.73 % of the total mass, whereas for its damped counterpart with , 02 . 0   6 modes are sufficient to reach 96.9 % of the total mass. This feature is of practical importance as it reduces the CPU time for a further analysis based on the modal superposition method such as a spectrum analysis or a modal superposition transient response analysis.
Conclusions
Modal responses of the Brezina dam-foundation soil system are calculated using the finite element software, ANSYS. The following conclusions are drawn based on the numerical experiments conducted herein: 1) For the study of the dam-soil system, the foundation soil should be modeled as a deformable structure with its mass taken into account. The natural frequencies of either undamped or damped modes are much lower from the dam-soil with soil mass than that from the dam alone, and significantly lower than that from the dam-massless soil model. Modeling the soil with its mass also affects the mode shape by changing the fundamental mode position. 2) Likewise, for any of the damping ratio under study, the damping related values calculated are significantly lower, in absolute value, from the dam-soil with soil mass than that from the dam-massless soil, and much lower than that from the dam alone model. 3) Adding only a small damping ratio of 2% to Brezina dam-soil model reduces the number of modes needed, as compared to the undamped model, to obtain 90% of the system's total mass. This is of practical importance as it reduces the CPU time for a further analysis based on the modal superposition method, such as a modal superposition transient response analysis, which will be undertaken following the present work.
